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Abstract – In this paper, a coherent framework for estimating 
the density and the distribution of roots using ground penetrating 
radar is presented. The proposed methodology is a multi-stage 
data processing scheme that is applied in semi-circular 
measurements collected concentrically around the investigated 
tree. The adopted processing methodology consists of three 
distinct and sequential steps. In the first step, the raw B-scans are 
subject to time-zero correction, zero-offset removal, time-varying 
gain and the singular value decomposition (SVD) filter. The SVD 
filter is used in order to effectively eliminate multiples and ringing 
noise from the B-Scans and increase the overall signal-to-clutter 
ratio. The second step consists of a tracking algorithm that aims at 
identifying patterns that resemble tree roots. In the last step, a 
continuous function is fitted to each root in order to effectively 
interpolate between points and subsequently estimate the density 
of the roots. This paper concludes with a case study on an urban 
tree at the Gunnersbury Park, London, United Kingdom. The top 
soil around the tree was excavated to 40 cm below the surface 
approximately in order to expose the tree root architecture. Then 
the exposed tree root system was used to compare the survey 
results for validity purposes and ultimately support the viability of 
the proposed data processing methods adopted in this 
investigation.  
Keywords—Assessment of Tree Roots; Ground Penetrating 
Radar (GPR); Tree Health Monitoring; Tree Root Mass Density.  
I. INTRODUCTION 
The root system is the most crucial part of a tree since it is 
responsible for transporting water and minerals, vital for the 
well-being and longevity of the tree [1, 2]. Besides, the root 
system protects the tree from the wind by providing it with 
stability and structural integrity [3]. Tree roots follow stochastic 
patterns that greatly vary amongst tree species and 
environmental conditions [4, 5]. Moreover, tree patterns can also 
relate to the health status of the tree and have been used 
effectively as a diagnostic tool in arboriculture applications [6]. 
Lastly, as it is stated in [7], root biomass can be used as a robust 
indicator of CO2 concentration and carbon dynamics in general. 
Various methodologies have been suggested in order to map 
the root structure of a given tree effectively. These approaches 
can be superficially divided into destructive and non-destructive 
testing (NDT) methods. Destructive methods include 
excavation, uprooting and profile wall technique [8]. These 
methods, apart from being unpractical and unsuitable for large 
scale forestry applications, they can also cause irreversible 
damage to the surrounding rhizosphere [8-10] and therefore are 
not preferred by foresters and tree officers. On the other hand, 
NDT methods can effectively map root patterns without 
disturbing the host material and without causing irreversible 
damage to the tree. Various NDT methods have been suggested 
for root mapping, from X-ray tomography, nuclear methods and 
magnetic resonance [11-13] to acoustic methods and electrical 
resistivity tomography [14]. Ground-penetrating radar is an 
NDT method with a unique wide span of applications that ranges 
from landmine detection [15] and archaeology [16] to glaciology 
and environmental applications [17]. GPR is a very appealing 
choice for forestry applications due to its versatility and high 
resolution. To that extend, GPR is starting to gain popularity 
amongst foresters and tree officers as an efficient tool for 
estimating root patterns in a non-destructive manner [18-20]. In 
the current paper, the GPR-based root-detection framework 
presented in [21, 22] is tested in a complete case study in a 
diseased urban tree within the greater London area in the United 
Kingdom. Concentric measurements were taken around the 
investigated tree, and the measured data were subjected to the 
processing pipeline presented in [21, 22]. In particular, a three-
step procedure was applied. The first step consists of a time-zero 
correction, zero-offset removal, time-varying gain and a singular 
value decomposition (SVD) filter. In the second step, a tracking 
algorithm is employed in order to connect points with high 
signal intensity within the processed B-Scans. In the third step, 
a continuous function is fitted to the points in order to interpolate 
between them and effectively estimate the density of the roots. 
After the completion of the measurements, the investigated area 
was excavated, and the hidden roots were accurately mapped for 
validation purposes. The resulting root structure using the 
processing pipeline described in [21, 22] was in good agreement 
with the actual roots indicating the potential of the proposed 
framework as an efficient forestry tool for large scale forestry 
applications. 
II. AIM & OBJECTIVES 
This research aims to demonstrate the capability of mid-
range frequency GPR antenna systems in efficiently localising 
tree roots and reconstructing the architecture of tree root 
systems. 
To achieve this aim, the main objective of this research is to 
provide root density maps at different depths, to facilitate the 
interpretation of local variations of root concentration. Another 
essential objective is to prove the validity of the proposed 
methodology by way of comparison between the results the real-
truth evidence following the excavation of the soil in the area 
previously investigated with the GPR. 
III. METHODOLOGY 
The proposed methodology is divided into three main data 
processing stages, as exhaustively described in [21, 22]. A pre-
processing algorithm is applied, in which advanced signal 
processing techniques were employed. This stage aims to 
remove unwanted signal information and to increase the overall 
signal-to-noise ratio (SNR). Moreover, reflections from deeply 
localised targets are amplified, to reconstruct the overall 
architecture of the tree root system. 
A multi-stage algorithm for the identification of roots and 
their tracking in a three-dimensional environment is applied 
afterwards. In the third phase, tree root mass density at different 
depths is estimated, based on the outcomes of the previous stage. 
A. Signal processing 
The primary purpose of this stage is to reduce noise-related 
information from the GPR data, as well as to achieve 
quantifiable information and easily interpretable images for the 
data analysis and interpretation.  
To this extent, standard signal processing techniques are 
used in order to guarantee the broadest applicability of the 
proposed methodology. Then, the sequential use of a) zero-
offset removal, b) zero correction, c) bandpass filtering and d) 
time-varying gain is carried out. 
Nevertheless, GPR data can be heavily corrupted by ringing 
noise, a repetitive type of clutter with a high correlation between 
A-Scans which can lead to data misinterpretation. While the 
aforementioned techniques do not contribute to its removal, the 
SVD technique is known to be efficient in discarding the ringing 
noise contribution without affecting the original data. Therefore, 
the SVD filter is applied in this processing stage, to reduce the 
ringing noise and enhance the response of the targets.  
B. Tree Root Tracking Algorithm 
This stage of the methodology is formed by two main steps. 
First, the fundamental hypotheses are initialised, that is, the 
data input settings (i.e. outcomes of the pre-processing 
algorithm, matrix dimensions, GPR data acquisition settings) 
and other important information (i.e. the data acquisition method 
and the dielectric properties of the medium). 
Secondly, the pre-processed GPR data are analysed through 
an iterative procedure, so as to compare the amplitude values in 
different positions of the three-dimensional domain and find a 
correlation between them. 
 Target detection: the amplitude values are compared 
with a predefined threshold value throughout the 
analysed domain. This step is necessary in order to 
identify the focused reflections that more likely belong 
to the roots of the tree. 
 Correlation analysis: a possible correlation is sought 
between the targets identified in the previous step, 
based on their position in the three-dimensional space. 
 Tracking of the roots: the correlated targets are joined 
into vectors that coincide with the spatial coordinates 
of the individual roots. 
 Reconstruction of the root system architecture in the 3-
D domain: these vectors are positioned in a three-
dimensional space, thus creating a comprehensive 
rendering of the root system. 
C. Root Mass Density Estimation 
In the third and final phase, root mass density is estimated 
based on the results obtained in the previous step. Using a 
polynomial fitting, the path followed by the roots is better 
approximated in a continuous domain and, therefore, it is 
possible to calculate the length of each pattern. This led to the 
definition of an index for the calculation of the root mass 
density, which evaluates the length of the roots insisting on a 
reference volume V: 
𝑑 =
∑ 𝐿𝑖
𝑛
𝑖=1
𝑉
 
where 𝑑 is the density [m/m3], 𝑛 is the number of roots 
contained in a reference unit of volume [m3], and 𝐿𝑖 is the length 
of the root [m]. 
 
Fig. 1. The investigated area 
IV. CASE STUDY 
In this study, the viability of the proposed methodology was 
tested by investigating the soil around a tree in Gunnersbury 
Park, Ealing, London (United Kingdom). A semi-circular 
scanning configuration was employed for the creation of a three-
dimensional root system model and root density maps at 
different depths. Furthermore, an excavation survey was 
subsequently carried out for validation purposes in the same 
area. 
A. Data collection: the GPR Investigation 
A number of 36 semi-circular GPR scans were carried out 
around the investigated tree, starting 0.50 m from the bark and 
spaced 0.30 m from one another. Therefore, an overall area of 
218.04 m2 was surveyed around the tree, with an outer radius of 
11.86 m and an inner radius of 1.36 m. 
The survey was carried out using the Opera Duo ground-
coupled GPR system, manufactured by IDS GeoRadar (part of 
Hexagon). The system is equipped with 700 MHz and 250 MHz 
central frequency antennas. Data were collected using a time 
window of 80 ns, discretised across 512 samples. The horizontal 
resolution was set to 3.06 × 10-2 m. In order to achieve the 
optimal effective resolution, only data collected using the 700 
MHz antenna were analysed. 
B. The Data Processing Framework: Main Results and Short 
Discussion 
The use of a pre-processing phase on GPR data allowed for 
an effective reduction of noise and a significant improvement in 
target detection. In more detail, the use of the SVD filter proved 
to be effective in removing horizontal layers and repeated 
reflections. This is relevant as the presence of these reflections 
could have affected the effectiveness of the subsequent steps of 
the algorithm. Fig. 2 shows a comparison between B-scans 
before (a) and after (b) the application of the pre-processing 
phase, proving how noise-related features are significantly 
attenuated or eliminated. 
The study of the B-scans shows the presence of a buried 
structure (Fig. 2). To this effect, C-scans were created to analyse 
size and configuration of this feature. As it is shown in Fig. 3, 
the study of the C-scans revealed the presence of a structure 
crossing the investigation area, most likely a conduit serving the 
artificial lake not far away in the park. 
 
Fig. 2. An example of GPR data pre-processing. a) B-scan before the signal 
processing, b) B-scan after the signal processing. The presence of a buried 
structure is highlighted by the white dashed squares 
 
Fig. 3. A C-scan of the investigated area showing the presence of a buried 
structure 
Subsequently, the algorithm for the analysis of the spatial 
correlation and the automatic tracking of the roots in the three-
dimensional space was applied to the processed data. Fig. 4 
shows a two-dimensional aerial view (a) and a three-
dimensional rendering of the investigated area. In order to make 
the result interpretation easier, the roots in the shallow subsoil 
(i.e., the first 0.25 m of soil) are highlighted in green, whereas 
deeper roots are highlighted in brown. The result obtained 
clearly demonstrates the ability of the proposed algorithm to 
provide a detailed and accurate reconstruction of the root 
system. For sake of consistency, the point coordinates were 
double-checked against the positions of the focused targets, 
through the analysis of the single B-scans. 
 
Fig. 4. Reconstruction of the root system architecture of the surveyed tree: a) 
2D aerial view and b) 3D reconstruction 
 Fig. 5. Root mass density map, related to a depth from 0.20 m to 0.30 m 
At the final stage, the root mass density at different depths 
was investigated by means of the proposed index. The 
investigated domain was divided into reference volumes (0.3 m 
× 0.3 m × 0.1 m) and then analysed to evaluate the total length 
of roots per reference unit. Fig. 5 presents an example of the 
outcomes of this stage of analysis, in the form of a density map 
related to a depth range from 0.50 m to 0.60 m.  
C. The Validation Process 
An area of 4 m per side (highlighted by the red square in Fig. 
5) was selected for validation purposes and it was excavated. 
The position of the excavation area was identified precisely, 
based on the coordinates of the GPR survey previously carried 
out (Fig. 6). The excavation was carried out by removing a layer 
of 0.10 m of soil at a time, so as to be consistent with the depth 
scale of the density maps produced.  
The excavation revealed the presence of several roots, as 
shown in Fig. 6. Position and depth of roots were consistent with 
those reported in the density maps. As an example, a cluster of 
roots was found at the top-left corner of the excavation area at a 
depth between approximately 0.20 m and 0.25 m, as shown in 
Fig. 7. This is coherent with the indications provided by the 
concerning mass density map (see Fig. 5), which indicates a 
relatively small density of roots within this area.  
In addition, the presence of several boulders was noted 
during the excavation process, with a main size of about 0.1 m 
(Fig. 8). Their location was compared with the outcomes of the 
root density maps, and no evidence was found. 
 
 
Fig. 6. Overview of the excavation area 
 
Fig. 7. Detail of the excavation 
This supports the validity of the proposed methodology, as 
the algorithm has proven to be able to discard false alarms, i.e. 
uncoherent signal reflections not related to tree roots.  
V. CONCLUSION 
This study reports on an investigation within the context of 
the applications of ground penetrating radar (GPR) in detecting 
and establishing the tree roots system and also producing a 3 
dimensional depiction of the tree root architecture using a set of 
novel data processing techniques.  To realise this, a multi-stage 
interpretation algorithm was introduced, in order to reconstruct 
the tree root patterns based on the collected data. The proposed 
methodology is based on the utilisation of a set of semi-circular 
scans, which expand outwards radially starting from the trunk of 
the tree. Initially, a signal processing stage was applied, to 
remove noise-related information and enhance the response 
from the real targets. Subsequently, a tracking algorithm was 
used in order to locate and automatically track viable root paths. 
Lastly, the identified roots were expressed through continuous 
functions, in order to analytically derive the root mass density. 
A case study is presented, in which the proposed method was 
successfully applied. The tracking algorithm has proven able to 
identify both the shallow (i.e. within the first 25 cm of soil) and 
deep (i.e. below 25 cm from the surface of the soil) root 
structures.  
 
Fig. 8. Detail of the presence of boulders at the top-left corner of the 
excavation area 
Based on this result, root mass density maps at different 
depths were estkimagted. To prove the validity of the proposed 
methodology, a validation survey was carried out, in which a 
part of the previously investigated area was excavated and tree 
roots were exposed. The density maps were in good agreement 
with the actual root structure, whereas the presence of boulders 
of appreciable size was not detected. This confirms the viability 
of the proposed methodology and supports the premise that GPR 
is a powerful NDT tool for the assessment of tree roots in large 
scale forestry applications. 
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